ABSTRACT In this paper, we first introduce the bidirectional distributed antenna systems (DAS) and exploit the choosing algorithm to take user-centric virtual cells into this system. Then, we discuss different power allocation optimization problems with interferences in bidirectional DAS with and without user-centric virtual cells, respectively. The first objective problem is maximizing spectral efficiency (SE) of bidirectional DAS satisfying the requirements of the minimum SE of each user equipment and maximum transmit power of each remote access unit. First, we convert this non-convex objective function into a difference of convex functions (D.C.) problem, and then, we obtain the optimal power allocation by using the concave-convex procedure (CCCP) algorithm. The second objective problem is maximizing energy efficiency (EE) of bidirectional DAS under the same constraints as the first problem. First, we exploit fractional programming theory to transform the second problem into an equivalent objective function with subtractive form, and then convert it into a D.C. problem and obtain the optimal solutions by using the CCCP algorithm. In each part, we propose the corresponding optimal power allocation algorithm and also use a similar method to obtain optimal solutions of the same optimization problems in bidirectional DAS with user-centric virtual cells. Simulation results showed the effectiveness of the proposed power allocation algorithms and demonstrate the SE and EE of the bidirectional DAS with user-centric virtual cells which are much better than bidirectional DAS.
I. INTRODUCTION
The explosion growing data transmission demands challenge the designers of fifth generation (5G) mobile communication systems [1] . According to the Cisco Virtual Networking Index, 10 fold increase in the mobile data worldwide transmission for the period 2014-2019 [2] . In order to satisfy the ever increasing mobile data transmission demands, many innovative schemes have been proposed, such as virtual cell [3] , [4] , device-to-device (D2D) communication [5] - [7] and distributed antenna systems (DAS) [8] - [10] . Among these approaches, DAS has drawn much attention due to its advantage of enhancing the performances of communication systems. Different from the traditional centralized antenna systems (CAS), remote antenna units (RAUs) in DAS are geographically distributed in the cellular and connected to a center unit (CU) through optical fiber or coaxial cable [11] . Lots of academic works have shown that the DAS has advantages in improving spectral efficiency (SE) and energy efficiency (EE) [12] , [13] , increasing coverage [11] and decreasing outrage probability [14] . It's obviously that the DAS can significantly improve the performances of communication systems and will become an effective method for 5G.
Nowadays, there has been many researches on the performance analysis of DAS. Choi and Andrews [15] have investigated the performance of SE in DAS with single user equipment (UE), and the multi-user DAS performance has been discussed in [16] . The EE of DAS using orthogonal frequency division multiple access (OFDMA) with full duplex has been investigated in [17] and the EE of Multi-cell DAS has been discussed in [18] . These works have used power allocation in different models of DAS to greatly improve SE and save the energy consumption. However, most of the previous works only taking uplink or downlink UEs into consideration. In reality, there are both uplink and downlink UEs in the communication systems, which is called bidirectional communication [19] . In this paper, we consider bidirectional communication in DAS to make the DAS more consistent with the actual situation.
Though DAS has the potential advantage of enhancing the performance of communication systems, it also bring seriously interference among RAUs and UEs [20] , [21] . We investigate bidirectional communication in DAS, which will cause much more interference in the communication systems because of the existing both of uplink (UL) and downlink (DL) UEs. The complicated interference management will take much computation burden on CU and decrease the battery life of UL UEs. In order to alleviate the interference in the bidirectional DAS, we introduce the user centric virtual cells into the system to alleviate the interference among RAUs and UEs in DAS [22] , which is more consistent with the core purpose of improving the UEs' quality of service (QoS).
The purpose of this paper is to investigate the SE and EE of bidirectional DAS with and without user centric virtual cells, respectively. Unlike the existing works [23] - [25] , this paper considers bidirectional, e.t. both UL and DL UEs in DAS to make the DAS model more comply with the reality. And then, we introduce the user centric virtual cells in bidirectional DAS to alleviate the interference. After discussed the sum SE of bidirectional DAS with and without user centric virtual cells, we investigate the performance of SE and EE under the necessary constrains of communication systems. Moreover, we also discuss the relationship between SE, EE and the number of UEs, respectively.
The organization of this paper is presented as follows. Section II introduces the bidirectional DAS model and introduce the user centric virtual cells into DAS based on choosing algorithm. And then, we formulate the expression of sum SE in bidirectional DAS with and without user centric virtual cells, respectively. In Section III, we formulate the maximum SE optimization problems of bidirectional DAS. We develop an optimal power allocation algorithms to solve it and use the similar algorithm to solve the same problem as above in bidirectional DAS with user centric virtual cells. In Section IV, after investigating the maximum EE optimization problems of bidirectional DAS, we propose an optimal power allocation algorithm to maximize EE of the system and discuss the same problem in bidirectional DAS with user centric virtual cells. Section V presents numerical results to verify the effectiveness of the developed algorithms. We conclusion the paper in Section VI.
II. SYSTEM MODEL 1) DAS MODEL
In this paper, we consider the bidirectional DAS which contains UL and DL UEs. The model contains uniformly distributed N RAUs. Each RAU consists of a transceiver, and it can perform in both UL and DL manner according to the UE requirements. We assume that it has the ability to eliminate the interference between the received signals and the transmit signal from itself and all the UEs and RAUs are equipped with single antenna and use the same spectrum to communicate. There are K UEs randomly distributed in the cellular, including K u UL UEs and K d DL UEs, denoted by K u and K d , respectively. We take the center RAU as processing unit (PU) and the system model is showed in Fig.1 . We normalize the total system bandwidth into unit, so the kth UL UE's SE can be written as
where p d k denotes the transmit power of the kth UL UE. h k,n is the composite fading channel between the kth UL UE and the nth RAU. p d m,j denotes the transmit power of the mth RAU to the jth DL UE and h m,n denotes composite fading channel between the mth and the nth RAU. σ 2 represents the power of complex additive white Gaussian noise (AWGN) of both UL and DL UEs. The SE of the lth DL UE in the bidirectional DAS can be modeled as
According to the existing works, the composite fading channel contains a small and a large scale fading [21] and can be expressed as
where g k,n represents the small scale fading between the kth RAU and the nth UE, which can be modeled as independent and identically distributed complex Gaussian random variables with zero mean and unit variance. w k,n represents the large scale fading and is independent of g k,n . The large scale fading coefficient can be written as [8] 
where c is the median of the mean path gain at a reference distance of 1 km. d k,n is the distance between the kth RAU and the nth UE. α is the path loss factor, α ∈ [3, 5] . s k,n is a log-normal shadow fading variable, which means 10log 10 s k,n is a zero mean Gaussian random variable with standard deviation σ sh [26] . So the total SE of bidirectional DAS can be expressed as
2) BIDIRECTIONAL DAS WITH USER CENTRIC VIRTUAL CELLS
In the bidirectional DAS, each UL or DL UE is served by all the RAUs in the cellular, which caused seriously interference among RAUs and UEs, which consume a great deal of energy when communicate with each others. In this part, we propose an effectively algorithm to pick out the most appropriate service RAU for each UE, including UL and DL UEs. The detailed steps of the algorithm are showed in Table 1 . Through the choosing algorithm, the nth RAU forms a virtual cell and can get the information of service UEs from
, which means the nth RAU know which UL and DL UEs need to be served. The algorithm keeps each UE is only served by the most appropriate RAU in the cellular to alleviate the interference. All the UEs in the nth virtual cell are only served by the nth RAU so the SE of the kth UL UE in the nth virtual cell can be written as where
where if the ith UL UE is served by the nth RAU, p v i denotes the transmit power of the ith UL UE to the nth RAU in the nth virtual cell. When the tth DL UE in the mth virtual, p v m,t denotes the transmit power of the mth RAU to it.
The lth DL UE's SE in the nth virtual cell can be expressed as
where
where h t,l denotes the composite fading channel of the tth UL UE to the lth DL UE. So the total SE of bidirectional DAS with user centric virtual cells can be modeled as
III. MAXIMUM SE A. MAXIMUM SE OF BIDIRECTIONAL DAS
In this part, we consider the optimization maximizing SE problem of bidirectional DAS under the constraints of both the UL and DL UEs' minimum SE requirements and the maximum transmit power of UL UEs and RAUs, which can be modeled as
where According to the formation of objective function (11), we can know this problem is a non-convex and non-linear objective function, which is very difficult to obtain optimal solutions by using traditional methods. Through the theory of difference of convex functions (DC) programming [27] , we convert the form of objective function (11) into a special D.C. structure. Then we can obtain the optimal solutions of the original problem.
Let
and f (P 1 ) denote the optimization variables and the objective function, respectively. The equation of (11) can be transformed as
We transform the objective function of (11) into D.C. structure, so the problem can be consisted of concave and convex parts, which can be written as
We can find the transformation of objective function (11) is converted by the strict concave function f se cave (P 1 ) and strictly convex function f se vex (P 1 ). Through solving the equivalent problem with D.C. structure of (12), we can get the optimal power allocation for the original problem (11) . Moreover, we define C 1 as the constraint set of (11a), (11b), (11c) and (11d). Due to (11a) and (11c) are non-linear constraint condition, we can transform them into linear expression as following
After the linearization, we can easily know the constraint set C 1 is a convex set.
Through the transformation of above, the objective function of (11) can be transformed as an D.C. objective function with convex constraint set, which is expressed as max
Based on the existing works, the problem with the general D.C. form can be solved by using an efficient D.C. algorithm (DCA) based on primal-dual conjugate sub-differential method. Lanckriet and Sriperumbudur [28] have shown the convex part of the D.C. structure function has partial derivative so that the DCA can be simplified as a concave convex procedure (CCCP) algorithm. In the same way, the convex part of the transformation objective function (14) also has partial derivative and then the problem (17) can be solved by CCCP algorithm. Specifically, we linearize f se vex (P 1 ) through first order taylor expansion in every iterate step as following
where P T 1 is the transpose of P 1 . i is the iteration step.
∇f se vex (P (i) 1 ) represents the gradient of f se vex (P 1 ) at the point
From the above analysis, maximizing SE of bidirectional DAS of (11) can be transformed to a standard convex optimization problem (17) . We can obtain the optimal power allocation of original problem (11) through solving the equivalent problem (17) by using the iterate steps in (18) . The specific algorithm process is showed in Table 2 . 
B. MAXIMUM SE OF BIDIRECTIONAL DAS WITH USER CENTRIC VIRTUAL CELLS
The objective problem of maximizing SE of bidirectional DAS with user centric virtual cells should satisfy the requirements of both UL and DL UEs' minimum SE, maximum transmit power of RAUs and UL UEs. It can be expressed as
Exploiting the D.C. structure, the optimal problem can be written as following
where specific concave and convex function are expressed as following
Define C 2 as the constraint set of (19a), (19b), (19c) and (19d) and we can transform (19a) and (19c) into linear expression as following
Similarly, the objective function (19) also can be transformed as an equivalent function with D.C. form as following max
Within the convex constraint set C 2 , we can use CCCP algorithm to solve the problem above. The specific iterate step can be written as
where P T 2 is the transpose of P 2 . j is the iteration step. ∇f se vex (P
2 ) denotes the gradient of f se vex (P 2 ) at the point
The detailed steps of the algorithm to sovle the equivalent problem (25) are showed in Table 3 . 
IV. MAXIMUM EE
In this part, we will introduce the total power consumption model, EE model and then investigate the problems of maximizing EE under different constraints in bidirectional DAS with and without user centric virtual cells, respectively.
A. TOTAL POWER CONSUMPTION
According to the existing works [29] , the total power consumption P total contains three parts which is expressed as
where τ is the drain efficiency of the radio frequency (RF) power amplifier. The transmit power P in bidirectional DAS can be expressed as
When considering bidirectional DAS with user centric virtual cells, the transmit power P can be written as
P dy denots the dynamic power consumption, which contains such as the frequency synthesizer, the mixer. And it is independent of the actual transmit power but has relation with the number of transmitters. P st is the static basic power consumption which is independent of the number of transmitter. The last part P 0 is the consumption power by the optical fiber transmission [21] .
B. EE MODEL
Depending on the earlier works [30] , [31] , the EE model can be expressed as the ratio of the sum SE over the total power consumption, which can be written as
When considering bidirectional DAS with user centric virtual cells, R total equals to R V total and the transmit power equals to P v , otherwise is R D total and P d .
C. MAXIMUM EE OF BIDIRECTIONAL DAS
In the bidirectional DAS, we will discuss the optimal power allocation to maximize EE and the corresponding optimal energy efficient power allocation algorithm will be proposed. The problem of maximizing EE optimization for bidirectional DAS under the constraints of the minimum SE of both UL and DL UEs, the maximum transmit power of each RAU and UL UE, which can be expressed as
We can easily know that the maximizing EE problem in bidirectional DAS is neither a convex nor a linear objective function so the traditional convex methods cannot be used. But we can exploit the fractional programming theory [32] to transform this thorny problem into a subtract optimization problem, which can be expressed as arg max
According to the following theorem, we can conclude that the problem of (32) with subtractive form is an equivalent problem of the original problem (31) , which has been proved in [32] .
Theorem 1:
h 1 (P 3 , ω 1 ) and g 1 (ω 1 ) = arg max
h 1 (P 3 , ω 1 ). The optimal power allocation P * 3 can achieve the maximum EE in (31) if and only if G 1 (ω * 1 ) = 0 and g 1 (ω * 1 ) = P * 3 . Though the original problem is transformed as a problem with subtractive form, (31) is still a non-linear and non-convex optimization problem. Similar to the method we used before, we can convert (32) into a D.C. structure, which can be transformed as
where the two parts of above can be written as
f ee vex (P 3 )
= −ω 1 (
We use first order taylor expansion for the convex part f ee vex (P 3 ) and obtain the iteration process, which is expressed as following
where P T 3 is the transpose of P 3 . t is the iteration step. ∇f ee vex (P
3 ) represents the gradient of f ee vex (P 3 ) at the point
By exploiting the fractional theory and D.C. programming, we convert the non-convex and non-linear objective function into a solvable convex objective function and propose the optimal power allocation for maximizing EE of bidirectional DAS in Table 4 . 
D. MAXIMUM EE OF BIDIRECTIONAL DAS WITH USER CENTRIC VIRTUAL CELLS
In this part, we investigate the problem of maximizing EE of bidirectional DAS with user centric virtual cells with the requirements of the minimum SE of both UL and DL UEs and maximum transmit power of each RAU and UL UE. So the problem can be formulated as
. Through the conclusion of theorem 1, the original optimization problem above can be transformed to the equivalent problem with subtract form, which is written as arg max
In order to solve this difficult problem, we continuously convert the form of (38) into a D.C. structure objective function as following
So we can get the iterate step as following
= arg max
where P T 4 represents the transpose of P 4 . s is the iteration step. ∇f ee vex (P (s) 4 ) denotes the gradient of f ee vex (P 4 ) at the point
Similarly, we can conclude the optimal power allocation algorithm for maximizing EE of bidirectional DAS with user centric virtual cells in Table 5 .
According to the existing works [33] , the worst-case complexity of the interior point method is O(1/ξ ), which mainly depends on the tolerance parameter ξ . So the complexity of algorithms using interior point method is NKtO(1/ξ ), where t denotes the number of iterations. We can know that the complexity of algorithms using interior point method is acceptable when rough solutions are needed. But it may become impractical when more accurate solutions are required.
V. SIMULATION RESULTS
In this section, we present simulation results to show the effectiveness of the bidirectional DAS with user centric virtual cells. The system parameters of simulation are listed in Table 6 . We assume the single cellular is a circle with radius R. RAUs are uniformly distributed and all the UEs are randomly distributed in the cellular, respectively. Fig.2 presents the change trend of SE with respect to different maximum transmit power for bidirectional DAS without and with user centric virtual cells, respectively. It is very obviously that the SE of bidirectional DAS with user centric virtual cells is much better than bidirectional DAS. Though both of trend of SE of bidirectional DAS with and without user centric virtual cells increase with the growth of maximum transmit power, the SE of bidirectional DAS with user centric virtual cells grows much faster than bidirectional DAS, especially when the maximum transmit power is larger. For example, when the maximum transmit power is 35dBm, the SE of bidirectional DAS with user centric virtual cells is nearly 180% higher than the SE of bidirectional DAS. Fig.3 compares the maximum transmit power of RAU versus the EE of bidirectional DAS without and with user centric virtual cells, respectively. From Fig.3 , we can easily know that the EE of communication systems firstly growth with and then decrease with the increasing of maximum transmit power. When the maximum transmit power is 20dBm, EE of communication systems reach the maximum values and EE of bidirectional DAS with user centric virtual cells is approximately 60% higher than the bidirectional DAS. It also explains there exist a saturation point beyond which the EE no longer increases, regardless of how much additional transmit power is used. From Fig.2 and Fig.3 , we can conclude that the mind of user centric virtual cells is a good way to improve the SE and EE of bidirectional DAS. Fig.4 presents the change of SE in bidirectional DAS with and without user centric virtual cells with the growth of UE number in the cellular. It shows that the trend of SE of bidirectional DAS increases much slower than the SE of bidirectional DAS with user centric virtual cells with the growth of UE number. The more UEs in the cellular, the larger growth in the bidirectional DAS with user centric virtual cells, which means when the UEs number is very large in the DAS, user centric virtual cells can effectively improve the SE of bidirectional DAS. As we can see, when the UE number is 100, the SE of DAS with user centric virtual cells is about 206% higher than the same condition in bidirectional DAS. Fig.5 presents the EE of bidirectional DAS with and without user centric virtual cells versus the number of UEs. We can easily find that with the increase of UEs' number, the EE of bidirectional DAS with user centric virtual cells is much higher than the bidirectional DAS. For example, when both the UL and DL UE number is 50, the EE of bidirectional DAS with user centric virtual cells is almost 208% higher than the same condition of the bidirectional DAS. This apparently shows that bidirectional DAS with user centric virtual cells can effectively improves the EE of communication systems.
VI. CONCLUSION
In this paper, we introduced bidirectional communication into DAS, which was very different from the existing works. In order to reduce the complexity of the bidirectional DAS, we exploited choosing algorithm to take user centric virtual cells into bidirectional DAS. Then, we investigated different optimization problems with interference for the bidirectional DAS with and without user centric virtual cells, respectively. Firstly, we investigated the problems of maximizing SE of both bidirectional DAS with and without user centric virtual cells. Because those two objective functions were non-convex and non-linear, so we converted them into solvable D.C. structure problems and obtained the optimal solutions by using CCCP algorithm. Then we concluded the specific algorithms of maximizing SE of bidirectional DAS with and without user centric virtual cells, respectively. Secondly, we investigated the problems of maximizing EE of bidirectional DAS with and without user centric virtual cells, respectively. These two objective functions were still difficult to solve directly. Through exploiting fractional programming theory, we first transformed the original objective functions of maximizing EE into equivalent problems with subtraction form. And then, we converted the equivalent problems into D.C. problems to obtain the optimal power allocation by using CCCP algorithms. We summarized optimal power allocation for maximization EE algorithms of both bidirectional DAS with and without user centric virtual cells. Simulation results showed the effectiveness of the proposed algorithms.
In conclusion, the performance of SE and EE in bidirectional DAS with user centric virtual cells were much better than bidirectional DAS. 
